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1. Introduction 
When guest molecules are adsorbed in pores of a solid body, they induce elastic stress in the host 
matrix and cause its deformation1.  This phenomenon of adsorption-induced deformation is ubiquitous, 
although its magnitude in many systems is negligibly small. The detailed experimental works date back 
to 1920s when Meehan2 and Bangham and Fakhoury3 published their dilatometric studies on expansion 
of charcoal upon adsorption of CO2 and other vapors and gases. Bangham et al.4, 5 put forward the first 
theory of adsorption deformation relating the progressive matrix expansion to the gradual decrease of 
the surface free energy in the course of adsorption that is referred to as the Bangham effect. 
Later, adsorption deformation was studied in various microporous and mesoporous solids 1, 6-26. It 
was found that adsorption deformation displays qualitatively different behaviors in different systems. 
Adsorption-induced expansion due to the Bangham effect is not universal. Many microporous solids, 
including certain active carbons and zeolites, exhibit in the course of adsorption a non-monotonic 
deformation, contracting at low vapor pressures and expanding at higher pressures6. Some mesoporous 
solids, like porous glasses and gels may demonstrate several alternating stages of expansion and 
contraction, which are associated with different adsorption mechanisms9, 15, 22.  Therewith, the 
adsorption hysteresis typical for mesoporous materials gives rise to the deformation hysteresis during 
adsorption-desorption cycles.  
Recently, the interest in adsorption deformation was re-ignited by the development of novel 
nanoporous materials and new experimental techniques of ellipsometric porosimetry27 and in situ small 
angle X-ray and neutron diffractometry28. These studies, especially recent in situ XRD measurements 
with well characterized MCM-41 and SBA-15 mesoporous crystals13, 14 and metal organic 
frameworks29, provide the most reliable experimental data that can be employed for verification of 
theoretical models.  
After the works of Bangham et al.4, 5, there were several attempts to build a thermodynamic 
theory of adsorption deformation16,8, 30 based on the ideal solution theory of adsorption in microporous 
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solids. As related to mesoporous solids, the deformation is beyond the Bangham effect. In their seminal 
work Amberg and McIntosh9 suggested a qualitative description of the competition between the 
Bangham and capillary effects in the course of adsorption-desorption hysteresis of water on porous 
glass. Experimental data9 served as a challenging case study for Grosman and Ortega20, 31, who 
considered adsorption deformation of porous silicon. We will also use this data below to illustrate the 
validity of the proposed method. Eriksson32 presented a thermodynamic analysis of adsorption strain 
taking into account the specific properties of a solid surface. Unlike Bangham effect, Eriksson’s theory 
explained not only sample expansion, but contraction also for the case of localized adsorption of 
molecules with lateral interactions. Ash, Everett, and Radke 33 suggested an alternative thermodynamic 
formulation to consider a competition between expansion due to the Bangham effect and contraction 
due to dispersion forces. Scherer34 reexamined the Bangham and Yates theories with example of 
adsorption deformation of porous glass and suggested a relationship between the elastic modulus and 
the Young modulus and Poisson ratio of the solid. 
Several original theoretical approaches to adsorption deformation problems were suggested 
recently.  Rusanov and Kuni18, 19 calculated the stress of the single pore using the Irving-Kirkwood 
expression for the pressure tensor35 and obtained a body strain using the macroscopic theory of 
elasticity36. Mushrif and Rey24 attempted to apply the Biot theory of poroelasticity37, 38 to calculate the 
difference of chemical potentials of fluids adsorbed on strained and unstrained substrates as a function 
of the porosity change. Specially designed Monte Carlo simulations methods were proposed to model 
adsorption in deformable pores, which employed statistico-mechanical formalisms of the osmotic 
ensemble39 and the  semi-grand canonical ensemble40. 
In this paper, we extend to mesoporous materials a simple yet instructive thermodynamic model 
of the adsorption stress, which was successfully employed in the previous works on adsorption 
deformation of microporous solids like zeolites17, active carbons21, and MOFs26.  The proposed model 
relates the stress, exerted by the adsorbed phase on the adsorbent framework, with the adsorption 
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isotherm. From the thermodynamic standpoint, the adsorption stress σs can be quantified by the 
derivative of the grand thermodynamic potential Ω  of the adsorbed phase with respect to the pore 
volume V at fixed temperature T and adsorbate chemical potential µ17 
T
s V
,µ
σ 





∂
Ω∂
−= .      (1) 
In pores of simple geometries of slit, cylindrical, or spherical shapes, the adsorption stress has a 
simple physical interpretation as a normal to the pore wall component of the stress tensor in the 
adsorbed phase 17, 21, 41. In disordered materials this interpretation is no longer valid, since the normal 
stress tensor component depends on the pore wall curvature and varies in space. However, the 
adsorption stress defined by Eq. 1 can serve as an overall scalar measure of the magnitude of the 
adsorption forces acting on the porous framework. The advantage of the thermodynamic model based 
on Eq. 1 is its universality: it relates the mechanical properties to the variation of the grand 
thermodynamic potential that can be determined by using suitable statistico-mechanical, molecular 
simulation, or empirical methods. 
The difference between the adsorption stress, σs, and the external pressure P represents the so-
called solvation pressure fs, which determines the magnitude of elastic deformation in terms of the 
volumetric strain ε (ε = ∆V/V, where ∆V  is the variation of the cell volume), assuming the linear Hooke 
law with an effective elastic modulus K ,  
0σεσ +=−= KPf ss ,     (2) 
where σ0 is a pre-stress in the reference state at which the initial sample volume V is defined. 
The linear elasticity theory describes adsorption-induced deformation of microporous and 
mesoporous materials like zeolites, activated carbons, porous glasses, and mesoporous crystals, when 
the strain is small, typically in fractions of percent. Eq. 2 was employed for the determination of the 
elastic modulus K   from dilatometric, ellipsometric, and XRD measurements of adsorbent deformation 
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in the region of capillary condensation9, 13, 23, 25, 42. These authors implied that the stress in the RHS of 
Eq. 2 equals to the Laplace pressure acting on liquid-vapor interfaces, namely, 
( ) )/(ln/=/ 0PPVTRVf LgLs µ= ,     (3) 
where gR  is the gas constant, LV  is the molar volume of the condensed phase and 0P  is the pressure of 
saturated vapor. Eq. 3 implies that vapor is ideal gas and condensed phase is incompressible liquids. In 
the following discussion Eq. 3 is referred to as the capillary approximation. As shown in13, 42 the 
capillary approximation provides a reasonable quantitative description of the initial adsorbent 
contraction of various mesoporous solids in the process of desorption/drying from the fully saturated 
state. However, the capillary approximation does not take into account the adsorbate-solid interactions 
and, thus, cannot explain a diversity of non-monotonic strain isotherms observed for different 
mesoporous solids. 
To analyze adsorption deformation of mesoporous materials, we employ below the Derjaguin 
theory of thin film equilibrium43, which was implemented for quantitative description of capillary 
condensation-desorption cycles in mesoporous solids by Broekhoff and de Boer44, 45. Although the 
Derjaguin – Broekhoff – de Boer (DBdB) theory is purely macroscopic, and it cannot be expected to be 
adequate in small pores comparable in size with molecular diameters, it was shown to provide a correct 
qualitative description of the adsorption-desorption process in pores of simple geometry such as 
cylindrical and spherical pores46, 47. We demonstrate that the DBdB theory can be used for determining 
in a unified fashion the variation of the adsorption stress (Eq. 1) within the adsorption process starting 
from the formation and growth of adsorption films to capillary condensation. The proposed method 
provides an analytical description of non-monotonic hysteretic deformation during capillary 
condensation-desorption cycles without invoking any adjustable parameters. We showcase this 
approach drawing on the examples of classical experiments of Amberg and McIntosh 9 and most recent 
experimental data, obtained using in situ small-angle X-rays scattering on SBA-15 silica14.  
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2. DBdB theory of capillary condensation  
The capillary approximation (3) ignores the solid-fluid interactions, which are responsible for the 
Bangham effect. In the following discussion, we employ the formalism of the disjoining pressure that 
was introduced by Derjaguin43 to account for solid-fluid interactions. According to the DBdB theory, 
the adsorption process is treated as formation of adsorption films on curved wetting pore walls. 
Equilibrium and stability of adsorption films are determined by a balance of capillary and disjoining 
pressures. For a cylindrical pore of radius R, the chemical potential µ of adsorption film of thickness h 
in equilibrium with vapor at pressure P and temperature T is given by the Derjaguin equation, 
  Lg VhR
hPPTR 





−
+Π−= γµ )(=)/(ln 0 , (4) 
where )(hΠ  is the disjoining pressure, γ  is the liquid-vapor surface tension. Eq. 4 represents an 
algebraic equation for the film thickness as a function of relative pressure, which can be easily 
transformed into the equation for adsorption isotherm. Eq. 4 treats gas phase as ideal and condensed 
phase and adsorbed film as incompressible liquid.  
As a typical example, we present in Fig. 1a the DBdB adsorption-desorption isotherm of 
nitrogen at 77.4 K in cylindrical pore of R = 4.1 nm, which was calculated using the Frenkel-Halsey-
Hill (FHH) form of the disjoining pressure48, 
 ,)/(=)( 0 mL
g
hh
k
V
TR
hΠ  (5) 
with 1=0h Å and empirical parameters k =44.54 and m=2.241 recommended for nitrogen adsorption 
on silicas49, we used mmN /88.8=γ  and molmVL / 10466.3= 36−× 46. This example was chosen to 
approximate the experimental isotherm of nitrogen adsorption on the sample of SBA-15 silica50, which 
was used in in situ studies of adsorption deformation in reference14, discussed below. To take into 
account the intrawall microporosity inherent to SBA-15 materials, the DBdB isotherm was shifted 
upwards to match the theoretical and experimental points E. 
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The adsorption isotherm (4) is depicted by a solid line OECFS in Fig. 1a. This isotherm 
represents the thickness of the adsorbed film forming on the pore walls as the vapor pressure increases. 
The theoretical isotherm matches nicely with the experimental adsorption isotherm up to the point of 
capillary condensation, which corresponds to the turnover spinodal point C. The spinodal determines 
the limit of film stability and reflects the conditions of spontaneous capillary condensation depicted by 
the vertical line CF in Fig. 1a. The condition of condensation is the maximum of the film chemical 
potential given by Eq. 4. The critical film thickness ch  at point C is determined from the following 
algebraic equation 
 ( ) 0
)(
2 =
−
+
Π
hRdh
hd γ
. (6) 
Vapor pressure cP  of capillary condensation is given by Eq. 4 at chh = .  
The process of desorption from completely filled pores (point S in Fig. 1a) is associated with 
formation of concave menisci of increasing curvature at the pore entrances. In the course of desorption 
along the initial stage SD, the magnitude of the negative capillary pressure acting across the vapor-
liquid interface increases according to Eq. 3 which causes stretching of the condensed liquid and 
contraction of the solid framework. The desorption point D corresponds to the formation of the 
equilibrium meniscus, which recedes gradually, transiting into a film of thickness eh (segment DE in 
Fig. 1a. The condition of film-meniscus equilibrium for cylindrical pores is determined by Derjaguin 
equation 44 
 ( ) ( ) ( ) ( ) 




Π−
−
+
−
−= ∫
R
h
Lg dhhhRhRhR
VPPTR '''12ln 20
γ
. (7) 
Eqs. 4 and 7 determine the equilibrium film thickness eh  and corresponding vapor pressure eP  of 
desorption.  
The DBdB theory qualitatively explains the origin of capillary hysteresis in open-ended pore 
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channels and, as seen from Fig. 1a, agrees reasonably well with experimental results. It is worth noting 
that the DBdB theory is a macroscopic approach, which cannot be justified for small pores comparable 
in size with molecular dimensions. The estimates46, 47, 51 show that DBdB predictions progressively 
deviate from a more precise density functional theory (DFT) in pores smaller than ~ nm 7  with the 
lower limit of applicability of ~ 4 nm.  
3. Adsorption stress calculation 
To analyze the adsorption-induced deformation, we have to calculate the adsorption stress sσ  
defined by Eq. 1, which for cylindrical pore geometry reduces to  
  
T
s RRL
,
2
1
=
µpi
σ 





∂
Ω∂
− , (8) 
where L is the pore length. Let us consider the variation of the adsorption stress and respectively the 
solvation pressure along the adsorption-desorption cycle as a function of the vapor pressure, which 
varies from 0=P  (dry pore) to 0PP =  (saturation). In so doing, we will perform calculations for three 
characteristic adsorption regimes: complete pore filing ( 0PPPe ≤≤  for desorption branch and 
0PPPc ≤≤  for adsorption branch), adsorption film region ( ePP ≤<0  for desorption branch and 
cPP ≤<0  for adsorption branch), and capillary condensation and evaporation transitions at cPP =  and 
ePP = . As an instructive example, we present in Fig. 1b the results of solvation pressure calculations 
for the isotherm of nitrogen adsorption on SBA-15 presented in Fig. 1a. Since the FHH equation (Eq. 
5) employed in calculations becomes progressively inaccurate at low pressures, the solvation pressure 
isotherm is given only for 05.0/ 0 >PP . In Fig. 1b, we present the change of the solvation pressure 
compared to the saturation state, Rf sls /γ+  ( slγ  is the pore wall – liquid surface tension), which 
corresponds to the choice of the saturation state as the reference state to reckon the sample strain. 
For a dry pore ( 0=P ), the grand thermodynamic potential is equal to  
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 sRLγpi2)0( =Ω , (9) 
where sγ  is the pore wall surface tension at 0→P  (dry solid). With respect to Eq. 8, the stress in the 
evacuated sample in the beginning of adsorption is determined by the Laplace equation for a cylindrical 
interface, 
 Rss /)0( 0 γσσ −== . (10) 
This value determines the limiting solvation pressure at 0→P .  
For the saturation state of complete pore filling at 0PP = , we have  
 slRLLPRP γpipi 2)( 020 +−=Ω , (11) 
provided that the pore is sufficiently long ( RL >> ), so that the contributions from the entrance effects 
are negligible. Adsorption stress for the saturation state is equal to the sum of capillary pressure on 
cylindrical wall – liquid interface and the external pressure of saturated vapor 
 00 /)( PRP sls +−= γσ . (12) 
The magnitude of sample deformation during either adsorption or desorption process is determined 
according to Eq. 2 by the solvation pressure difference between the saturated and dry states, 
 RPPf sslss /)()( 000 γγσσ −−=−−=∆ . (13) 
 The variation of the grand thermodynamic potential along the isotherm is determined by the 
Gibbs equation, 
 )(
,
µ
µ
N
VT
−=





∂
Ω∂
, (14) 
where N  is a number of adsorbate molecules in the pore . Within the pore filling region variation of 
the grand thermodynamic potential is given by integration of Gibbs equation (14) 
 )(2)()(=)(
2
0
2
)(
0
0 PV
LRLPRRLdNPP
L
sl
P
µpipiγpiµµ
µ
−−=′′−ΩΩ ∫ . (15) 
Eq. 15 implies that within the DBdB approximation condensed liquid is incompressible, and thus, 
 10 
LVLRN /
2pi= .  Eqs. 8 and 15 with Eq. 4 for the chemical potential of ideal vapor immediately allow 
us to recover the capillary approximation for the solvation pressure sf  within the pore filling region,  
  
( ) )(ln 0
0
PP
P
P
V
TR
R
Pf
L
gsl
s −+





+−=
γ
. (16) 
The term ( PP −0 ) accounts for the change of the external pressure, which is usually small compared 
with the capillary term and can be neglected for practical estimates. However for the case of 
supercritical adsorption at high pressure (which is beyond the scope of the current paper) this term 
should be kept. In Fig. 1b, Eq. 14 is depicted as SD section for desorption and FS section for 
adsorption. 
For the film region, the grand thermodynamic potential is determined by integration of the Gibbs 
equation (14) from the dry state,  
 µµ
µ
′′
−ΩΩ ∫
∞−
dNP f
P
f )()0(=)(
)(
, (17) 
where ( )[ ]22 hRR
V
LN
L
f
−−=
pi
 is a number of adsorbate molecules in the film. By differentiating Eq. 17 
with respect to R (see supplementary materials for detailed derivation), we obtain the relationship 
between the adsorption stress and the equilibrium film thickness for given vapor pressure and 
temperature, 
 hdh
R
h
R
h
hRRRhRR
hdh
P
h
sh
s
f
s
′′Π+Π−
−
−
−
−=



−
−
−
′Π′−
−= ∫
∫
∞
Π )(1)(
)(
)(
0
)( γγγγγ
γ
σ . (18) 
Noteworthy, as seen from the example in the Inset in Fig. 1 (curve EC), this dependence may be non-
monotonic due to a competition between the contributions from capillary and disjoining pressures. The 
first term in the RHS of Eq. 18, which is monotonically increasing for wetting surfaces from the dry 
state value of Rss /)0( 0 γσσ −== , reflects the Bangham effect of reducing the surface energy in the 
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process of adsorption that is associated with the sample expansion. Indeed, )(
)(
hdh
h
s
′Π′− ∫
∞
Π
γ  
represents the free energy of the flat surface covered by the adsorption film of thickness h . The 
capillary pressure term is always negative; it decreases from 0 at the dry state. Thus, the adsorption 
stress first increases due to the Bangham effect and then once the magnitude of capillary pressure 
becomes comparable with the effects of disjoining pressure, it achieves a maximum and decreases, see 
Inset in Fig. 1b. The position of maximum stress (point M in the Inset in Fig. 1b) is determined by the 
following condition, 
 ( ) 0
)(
2 =
−
+
Π
hRdh
hd
R
h γ
. (19) 
As seen from the plot the maximum stress is achieved in the region between the equilibrium and 
capillary condensation pressures. Moreover, from the condition (6), it follows that )/( 0PPsσ  curve  
has a vertical tangent at cPP → . Thus, we may conclude that the adsorption stress is non-monotonic in 
the process of adsorption prior to capillary condensation and monotonically decreasing in the process 
of desorption. This behavior was experimentally shown by Amberg and McIntosh9, see below Fig. 3b. 
While Eqs. 16 and 18 show how the solvation pressure varies within the pore filling and film 
regions, the  stepwise increase of the solvation pressure (segment ED in Fig. 1b) at the desorption point 
and its drop at the condensation point (segment FC in Fig. 1b) are given by the following relationships: 
 =−≡∆ )()( cscfsc PPf σσ dhhRR
hhP
R
ch
c
c
sls )(11)(
0
0 Π+





−Π+−
−−
− ∫
γγγ
 (20) 
and 
 )()( esefse PPf σσ −≡∆ dhhRR
hhP
R
eh
e
e
sls )(11)(
0
0 Π+





−Π+−
−−
−= ∫
γγγ
 (21) 
Eqs. 18, 20 and 21 can be complemented by the Frumkin-Derjaguin equation, which relates the liquid-
vapor, solid-liquid, and dry solid surface tensions with the disjoining pressure isotherm, (see e.g. Ref. 
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52),  
 γγγ −−=Π∫
∞
slsdhh)(
0
, (22) 
Eq. 22 allows us to reduce the number of physical parameters that should be used for calculating 
solvation pressure during the adsorption-desorption cycle, and eliminate  the dry solid surface tension 
sγ  that cannot be readily measured. Indeed, Eqs. 18 and 20, 21 are transformed into 
 hdh
R
h
R
h
hRR
P
h
slf
s
′′Π−Π−
−
−−= ∫
∞
)(1)()( γγσ ,  (23) 
 hdh
RR
hhPf
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c
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′′Π−





−Π+−=∆ ∫
∞
)(11)(0 , (24) 
 hdh
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hhPf
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e
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′′Π−





−Π+−=∆ ∫
∞
)(11)(0 . (25) 
All parameters in Eqs. 23-25, the solid-liquid and liquid-vapor surface tensions, and the 
disjoining isotherm in the region of thick films can be determined by adsorption and wetting 
experiments on non-porous surface. Moreover, the magnitudes of the solvation pressure steps at the 
point of condensation  and desorption transitions, cf∆  (24) and ef∆  (25), do not depend on the solid-
liquid surface tension, and are determined by the disjoining pressure isotherm in the region ehh > .  For 
the FHH isotherm (5), Eq. 23 for solvation pressure reads  
 
m
L
gslf
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h
R
h
m
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V
TR
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−
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
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
−
−
−
−−−
1
0
0
1
=)( γγ . (26) 
Eq. 26 was employed in calculations presented in Fig.1b.  
4. Comparison with experimental data 
The results of calculations for nitrogen adsorption of SBA-15 given in Fig.1b, shows the specifics 
of the deformation process, which can be confirmed by experiment. Unfortunately, relevant data for 
nitrogen adsorption are not available. However, the authors 14 reported in situ XRD data on 
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deformation of the same sample in the course of water desorption at temperature T = 293 K, which we 
employed for comparison with the theoretical predictions. For calculation of the solvation pressure of 
adsorbed water, we used the pore radius nmR  1.4≈  determined from the nitrogen adsorption, and the 
parameters of FHH isotherm of water on silica 9.5=k  and 2=m , reported in Ref.53, 
mN/ 107.2= 2−×γ , molmVL / 101.8= 35−× . 
In Fig. 2, we compare the calculation results with experimental data on water desorption. In order 
to make such comparison we convert the solvation pressure fs into the strainε  using  the elastic 
modulus GPaK  6=  reported in Ref. 14. Since the experimental strain is reckoned from the dry state 
and the values of the dry solid and solid-liquid surface tensions are not known, the theoretical and 
experimental strain isotherms have been matched by a vertical shift at the position of the onset of 
capillary desorption at 0.69/ 0 ≈PPe , which corresponds the point D of the largest contraction. 
Agreement between the theory and experiment is almost quantitative: the magnitudes of contraction 
during desorption prior to capillary evaporation and expansion during capillary evaporation, as well as 
the strain variation during film desorption coincide fairly well.  An apparent deviation of the shape of 
the experimental strain isotherm during capillary evaporation (tilted step instead of vertical) can be 
attributed to an inherent polydispersity of pore sizes and, possibly, to an insufficient equilibration time 
during experiments. The maximum strain sε  at the saturation gives us according to Eq. 13 an estimate 
of the difference between the dry solid and solid-liquid surface tension, mNKR ssls /13.0≈=− εγγ .  
In Fig. 3, we attempted to compare the proposed theory with experiments of Amberg and 
McIntosh on water adsorption on porous glass 9. Due to the lack of relevant experimental data, we used 
the same FHH disjoining pressure isotherm of water on silica employed above for water/SBA-15 
system. This isotherm provides a reasonable qualitative description of the adsorption-desorption 
hysteresis loop, as seen in Fig. 3a, where we plot the theoretical adsorption-desorption isotherms as in a 
cylindrical pore of 95.3=R nm. This pore size was used for calculating the solvation pressure, which 
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was converted into the strain employing Eq. 2 with the elastic modulus GPaK 38=  reported in Ref. 9. 
Since we use a single pore model and the incompressible liquid approximation, the calculated 
desorption branch prior to capillary evaporation (section FD in Fig. 1a) is flat. Due to this reason, we 
normalized the adsorption isotherm by the adsorption amount at the upper closure point of the 
hysteresis loop, at 0.77/ 0 ≈PP . The calculated and experimental isotherms matched at the onset of 
capillary evaporation (point D), similarly to the previous example. Note that the proposed theory 
correctly predicts the shape of the hysteresis loops in both adsorption and stress measurements. An 
apparent deviation in the film region can be attributed to the fact that FHH disjoining pressure isotherm 
used in calculations poorly describes water adsorption on glass surface at low coverages. 
5. Conclusions 
The Derjaguin – Broekhoff – de Boer theory of capillary condensation was employed to describe 
deformation of mesoporous solids in the course of adsorption-desorption hysteretic cycles. We 
suggested a thermodynamic model, which relates the mechanical stress induced by adsorbed phase 
with the adsorption isotherm. Analytical expressions were derived for the dependence of the solvation 
pressure on the vapor pressure. The proposed method allows one to predict the variation of the 
solvation pressure and, respectively, the sample deformation based on independent experimental 
information. The method was verified with experimental data obtained recently by in situ XRD 
measurements on SBA-15 mesoporous crystals14, as well as with classical data of dilatometric 
measurements on porous glass 9. The proposed method is in line with the qualitative description of 
Amberg and McIntosh9 of a competition of Bangham and capillarity effects, and it provides a 
quantitative account of this phenomenon.  
The proposed method can be implemented for other mesoporous materials assuming pores of 
different geometry (e. g. spherical, cylindrical, or slit-shaped). It can be generalized by taking into 
account the pore-size distribution according to the ideas outlined earlier in Ref. 21 It is worth noting, 
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that from the comparison of calculated and experimental strain isotherm, one can estimate the elastic 
modulus of saturated and partially saturated porous bodies.  
The limits of applicability of the proposed method are related with the limitations of DBdB 
theory. As shown in Refs. 46, 47, 51, while DBdB theory provides a reasonable quantitative description of 
capillary condensation phenomenon in pores larger than 7-8 nm, its accuracy progressively diminishes 
as the pore size decreases. In smaller pores, the molecular level methods, such as Monte Carlo 
simulation and density functional theory should be employed for determining theoretical adsorption 
isotherms and thermodynamic potentials required for adsorption stress calculations.  
 
Acknowledgements 
This work was supported in parts by the NSF ERC “Structured Organic Particulate Systems” and 
the Blaise Pascal International Research Chair fellowship to A.V.N. The authors thank George Scherer, 
Christopher Rasmussen, and Aleksey Vishnyakov for helpful comments.  
 16 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.2 0.4 0.6 0.8 1
Relative pressure
R
el
a
tiv
e 
a
ds
o
rp
tio
n
O
E
C
D F S
-4
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
0 0.2 0.4 0.6 0.8 1
Relative pressure
So
lv
a
tio
n
 
pr
e
ss
u
re
 
+
 
γγ γγs
l/R
, 
γγ γγ/R
E
D
F
C
S
  
Fig. 1. Nitrogen adsorption and desorption on SBA-15 silica at 77.4 K 50. (a) Adsorption-desorption isotherms 
reduced to the maximum adsorption at saturation. Points – experimental data50. Theoretical isotherm was 
calculated in 8.2 nm pore using Eqs. 4 and 5 and shifted upward to account for the sample microporosity by 
matching the lower closure point E of the hysteresis loop. Continuation of the theoretical isotherm at low 
pressures are marked by dash line that should be treated as a guide for the eye. (b) Solvation pressure in Rγ  
units calculated using Eq. 16 for DFS branch and Eq. 26 for EC branch. The solvation pressure is shifted by 
slγ /R. This shift corresponds to the choice of the saturation state at  1/ 0 =PP   as the reference state for 
reckoning the strain. (Inset) Magnified section EC from Fig. 1b shows the maximum expansion (point M) 
achieved in the course of adsorption prior to capillary condensation.  
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Fig. 2. Water desorption on SBA-15 silica 14 at 293 K. Sample strain ε  as a function of relative 
pressure 0/PP . Points – experimental data 
14
, solid curve – calculations in 8.2 nm pore according to Eq. 
16 (part of the curve to the right of point D) and Eq. 26 (part of the curve to the left of point E). The 
strain is determined from the solvation pressure using  the bulk modulus GPaK  6=  14 in Eq. 2. 
Experimental and theoretical data are matched by a vertical shift at the point D of the largest 
contraction. Note, the experimental strain was reckoned from the dry state at 0/ 0 →PP . An apparent 
difference with the presentation in Fig. 1b is due to the different reference states (saturation state in 
Fig. 1b and dry state in Fig. 2). 
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Fig. 3. Water adsorption and desorption on porous glass9 at 291.9 K. (a) Adsorption-desorption isotherms as a 
function of pressure 0/PP  (points – experimental data 9, lines – calculated in 7.9 nm pore with Eqs. 4 and 5). The 
experimental and theoretical isotherms are normalized by the adsorption amount at the  upper closure point of 
the hysteresis loop and matched at the lower closure point similarly to Fig. 1a. (b) Sample strain ε  as a function 
of relative pressure 0/PP . Points – experimental data 9, lines – calculations according to Eqs. 16 and 26. The 
strain is determined from the solvation pressure using  the bulk modulus GPaK 38=  9 in Eq. 2. Note, the 
experimental strain was reckoned from the dry state at 0/ 0 →PP , and experimental and theoretical data are 
matched by a vertical shift at the point D of the largest contraction similarly to Fig. 2. 
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